Aims/hypothesis. We aimed to evaluate how an aetiology-based classification, as recommended in the ADA and WHO guidelines for classification of diabetes mellitus, matches clinical judgement in the Diabetes Incidence Study in Sweden (DISS), a study covering incident cases of diabetic patients aged 15 to 34 years. Methods. During a 1-year period (1998), blood samples were taken at diagnosis and 4 months (median) thereafter. Patients were classified according to clinical judgement by the reporting physicians and assessments of islet antibodies (ICA, GADA, and IA-2A) and plasma C-peptide.
A correct classification of diabetes (Type 1 vs. Type 2) is important with regard to treatment (insulin or not) and prognosis [1, 2, 3] . Previous criteria for classification were based on a clinical assessment and the type of treatment used [4, 5, 6] . Different studies have, however, shown that these criteria have difficulties to distinguish between Type 1 diabetes and Type 2 diabetes [7, 8, 9] . Consequently, a classification based on aetiology was considered necessary [10, 11] . In 1997, the Expert Committee on the diagnosis and classification of diabetes mellitus, sponsored by the American Diabetes Association (ADA), published new criteria based on disease aetiology [12] , later also included in the new WHO guidelines in 1998 [13] . Most young adults with diabetes are clinically classified as having Type 1 diabetes [14] . As in elderly patients [15, 16] , a substantial proportion of young adults with islet antibodies are not considered as having Type 1 diabetes [15, 17, 18] . Islet antibodies in patients with clinical Type 2 diabetes predict future insulin treatment within 6 years [15, 19] , and accordingly, Type 1 diabetes. In agreement with the concept of ADA and WHO, that aetiology has to be considered in the classification of diabetes, we measured islet antibodies, as markers of autoimmunity, and C-peptide, as a marker of beta-cell destruction, in incident cases of young adults, 15 to 34 years old, with newly diagnosed diabetes, registered in the nationwide Diabetes Incidence Study in Sweden (DISS) during 1998. The aim of this study was to evaluate how well a classification based on aetiology, as inferred by islet antibodies and C-peptide, corresponds to a classification based on clinical judgements in young adult diabetic patients.
Material and Methods
Subjects. Since 1983, the Diabetes Incidence Study in Sweden (DISS) aimed to register all patients aged 15 to 34 years at the diagnosis of diabetes in Sweden [14] . In 1998, 422 patients, 15 to 34 year-old, [median 25 (inter quartile range 10) years] were registered, of these 168 (40%) were women. Blood samples were available from 394 of 422 patients (93%) at registration, collected (random = anytime of the day) 6 (21) days after diagnosis [within 1 week after diagnosis in 205 patients (53%), within 2 months in 338 patients [(86%), and within 14 months in 388 patients (98%)]. A second, fasting sample was available from 313 of 422 patients (74%), collected 109 (99) days after diagnosis [within 12 weeks after diagnosis in 53 patients (17%), within 6 months in 192 patients (61%) and within 12 months in 273 patients (87%)]. The individual patient's physician gave his/her opinion of the clinical classification at diagnosis on the DISS registration form of 418 patients. Excluded from the analysis were three patients, clinically classified as having secondary diabetes. Information about origin (place of birth) of the patients was obtained from their civic numbers. The study was approved by the Ethics Committee of the Karolinska Institute and all subjects gave informed consent.
Methods. GADA and IA-2A were assessed by radioligand binding assays based on 35 S-methionine-labelled human recombinant antigens [20, 21] . The results are shown as indexes calculated according to the formula 100×(u−n)/(p−n), where u=CPM of the unknown sample, n=CPM of a negative control, and p=CPM of a positive control. CPM=mean radioactivity of the measurements. In the first Diabetes Autoantibody Standardization Programs (DASP), this GADA assay was carried out with 80% sensitivity and 96% specificity and the IA-2A assay with 58% sensitivity and 100% specificity (50 patients aged 9-30 years and 50 healthy donors aged 18-28 years were tested). A GADA index above 4.6 and IA-2A index above 1.0 (97.5 percent of 165 non-diabetic controls aged 7-34 years), respectively, were considered abnormal [22] .
ICA were assessed by a prolonged immunofluorescence assay. In the latest Diabetes Autoantibody Proficiency Program (no. 13, 20 samples were tested), this ICA assay was carried out with 100% sensitivity and 100% specificity (ICA have been excluded from the DASP). In this study the detection limit was four JDF units for the used pancreas; i.e. an ICA value of four JDF units or more was considered abnormal. Islet antibodies were measured in the 394 patients at diagnosis. Among patients without islet antibodies or with only IA-2A at diagnosis, the second, follow-up, sample was tested for all three antibodies. We have shown that the occurrence of only IA-2A is not associated with the development of beta-cell failure in adult diabetic patients; and is therefore an unreliable sign of autoimmune Type 1 diabetes in adults [22] .
Plasma C-peptide (P-C-peptide) was assessed by RIA and the normal range for fasting P-C-peptide was 0.25 to 0.75 nmol/l and the detection limit 0.10 nmol/l for the assay used [23] . In this study, a P-C-peptide concentration less than 0.25 nmol/l was considered low and less than 0.10 nmol/l as beta-cell failure [22] .
Blood samples for HbA 1c measurements were treated with a cysteine-reducing solution to eliminate the glutathione adduct (HbA 3 or HbA 1d ) [24] after storage at −20°C for 1 to 2 years. HbA 1c was assessed by HPLC using Mono S ion exchange chromatography (Pharmacia-Amersham Bioscience, Uppsala, Sweden) [25] . The reference interval was 3.6 to 5.0%. The method is compared once a year with the National Glycoprotein Standardization Program (NGSP) to establish the relation to the Diabetes Control and Complications Trial (DCCT) concentrations [26] . To exclude an effect of sample storage at −20°C, 99 random samples were also assessed with a more specific, immunological assay, Tinaquant-HbA 1c (Roche Diagnostics, Penzberg, Germany), obtaining high correlation between the two assays (r 2 =0.98, linear regression). Hence, HbA 1c values were reproducible after storage.
Statistics. Nonparametric Kruskal Wallis and Mann Whitney tests were used to evaluate differences between groups, whereas Wilcoxon Signed Rank test evaluated paired differences. Poisson distribution was applied for calculation of exact confidence intervals. Fishers' exact test evaluated frequency differences. Two-factors-anova and logistic regression, with and without interaction term, were used to compare differences between antibody positive compared with antibody negative and between clinical classifications. A p value of less than 0.05 was considered statistically significant, except in the twofactors anova and logistic regression tests, in which a p value less than 0.01 was selected due to multiple comparisons. Data are shown as median (inter quartile range), unless otherwise stated. Beta-cell function. Comparisons between P-C-peptide concentrations at and after diagnosis were carried out in patients tested for C-peptide within 1 week after diagnosis. Among these patients, 30 out of 123 (24%) ab+ patients had undetectable random P-C-peptide concentrations (<0.10 nmol/l) at diagnosis compared with only 1 out of 36 (3%) ab− patients (p=0.003). Indeed, 72 out of 123 (59%) ab+ patients had low random P-C-peptide concentrations (<0.25 nmol/l) compared with just 2 out of 36 (6%) ab− patients. Nevertheless, 19 out of 30 ab+ patients and only 1 ab− patient with undetectable random P-C-peptide concentrations at diagnosis had retained detectable C-peptide There were no differences in the number or concentrations of antibodies between antibody positive patients (ab+) in the different groups concentrations at follow-up. In contrast, 13 out of 123 (11%) ab+ patients and 3 out of 36 (8%) ab− patients developed undetectable fasting P-C-peptide concentrations after diagnosis. Among all ab− patients included in the follow-up, 13 out of 93 (14%) had low fasting P-C-peptide concentrations (<0.25 nmol/l); 12 out of 13 (92%) had clinical Type 1 diabetes. Around one third (12 of 33, 36%) of ab− patients with clinical Type 1 diabetes had low fasting P-C-peptide concentrations at follow-up. The overlap in individual fasting P-C-peptide concentrations between ab+ patients and ab− patients was large, with ab+ patients having P-C-peptide concentrations up to 1.6 nmol/l and ab− having P-C-peptide concentrations down to less than 0.10 nmol/l. In patients with clinical Type 2 diabetes, however, fasting P-C-peptide at follow-up differentiated ab+ patients from ab− patients [14/16 (88%) with fasting P-C-peptide concentrations of 0.52 nmol/l or less were ab+ vs. only 2/41 (5%) with fasting P-C-peptide concentrations above 0.52 nmol/l, p<0.0001] (Fig. 1) .
Results

Islet
Among patients GADA-positive at diagnosis with clinical Type 2 or unclassifiable diabetes, those with IA-2A and/or ICA (n=23) had lower fasting P-C-peptide concentrations than those without (n=7) [0.22 (0.27) nmol/l vs. 0.76 (0.39) nmol/l, p=0.001].
Islet antibodies developing de novo after diagnosis.
Among ab− patients at diagnosis, 8 out of 93 (9%) developed islet antibodies (1 ab+) after diagnosis, four with clinical Type 1 (2 developed ICA+ and 2 GADA+) and four with clinical Type 2 diabetes (two developed ICA+, one GADA+, and one IA-2A+). Among the eight patients with only IA-2A+ at diagnosis, one had developed GADA+ and three ICA+. All but one (seven of eight) with only IA-2A+ at diagnosis were considered to have clinical Type 1 diabetes. Fig. 2 shows that ab− patients developing antibody positivity after diagnosis and in patients with only IA-2A+ at diagnosis developing GADA+ or ICA+ after diagnosis, fasting P-C-peptide concentrations at follow-up were lower compared with continuously ab− patients (p=0.04 and p=0.006, respectively). Therefore, ab− patients who became ab+, as well as patients with only IA-2A+ who developed other antibodies after diagnosis, showed impaired beta-cell function at follow-up.
Objective classification of diabetes. Figure 3 shows that 76% (95% CI 71-81%, 239 of 313) of the patients followed up had "objective" Type 1 diabetes converted to ab+ at follow-up. Based on putative autoimmune aetiology (positive for islet antibodies), 228 out of 313 (73%) had objective Type 1 diabetes. In addition, 10 out of 29 patients (34%) who were constantly ab− with clinical Type 1 and 1 out of 16 (6%) with unclassifiable diabetes had fasting P-C-peptide concentrations below the normal range (<0.25 nmol/l) at follow-up. Accordingly, if beta-cell failure in ab− patients was included, 239 of 313 (76%) had objective Type 1 diabetes. According to the new ADA and WHO criteria, patients with islet antibodies should be considered as having autoimmune Type 1 diabetes [12, 13] , as supported by the observation that also patients negative for ICA and IA-2A but GADA+ develop complete beta-cell failure within 12 years after diagnosis of diabetes [27] . Consequently, antibody measurements at diagnosis, as shown in this study, improve the classification of diabetes. Patients who were ab− at diagnosis can, however, not be completely excluded from having autoimmune Type 1 diabetes. Patients who were ab− before and at the diagnosis of obvious Type 1 diabetes have Type 1 diabetic HLA risk-alleles [28] . In agreement, among ab− patients considered as having Type 1 diabetes C-peptide concentrations are lower in patients with Type 1 diabetic HLA risk-alleles compared with those without [29] . Albeit HLA genotyping has not yet been conducted, the low or undetectable fasting P-C-peptide concentrations observed in 36% of ab− patients clinically classified as having Type 1 diabetes in this study suggest that the clinical classification was correct in these patients. In fact, ab− patients could have antibodies against other antigens not tested for [30] , low antibody concentrations could have been missed in our assays, or measurable antibody concentrations might not develop until after diagnosis [31, 32] and, indeed, confirmed in this study. In this context it was interesting that de novo development of GADA or ICA occurred both in IA-2A− and IA-2A+. Hence, both GAD65 and the IA-2 protein may be involved in the primary Type 1 diabetic process. Our study therefore confirms that in adults, as in children [33, 34] , there is no single dominating pattern in the development of the different antibodies. A second follow-up sample collected 4 years after diagnosis will clarify the further course of antibody development. Nevertheless, although repeated antibody measurements within the first 4 months discovered only a small proportion of ab+ patients (8 of 228, 4%), among young adults patients antibody negative at diagnosis our study underlines the importance of antibody measurements not only at but also after diagnosis of diabetes.
According to the WHO and ADA guidelines, patients with Type 1 diabetes without evidence of autoimmunity, like the 11 ab− patients with low fasting P-C-peptide concentrations in the current study, are classified as having idiopathic Type 1 diabetes [12, 13] . Our 11 ab− patients did not, however, differ in any aspect from ab+ patients with low fasting P-Cpeptide concentrations at follow-up. Thus, they do not fit with the description of the rapid-onset ab− Type 1 diabetes reported in Japanese patients [35] not yet confirmed in Caucasians [36, 37] . Idiopathic Type 1 diabetes is described mostly among individuals of African or Asian origin [38] ; most of our ab− patients with low P-C-peptide concentrations were of Swedish origin. We therefore have to conclude that idiopathic Type 1 diabetes could occur in Caucasians.
The question is whether a low P-C-peptide concentration is always a sign of Type 1 diabetes. Low P-Cpeptide concentrations have been observed among patients with Type 2 diabetes after intensive insulin treatment inducing beta-cell rest [39] ; however, it seems unlikely that beta-cell rest was induced in any of our patients. Maturity-Onset Diabetes of the Young (MODY), a monogenic form of diabetes with impaired insulin secretion [40, 41] , has also to be considered in our young adult ab− patients with low P-Cpeptide concentrations. Undetectable P-C-peptide concentrations, as observed in 6 of 11 ab− patients with low fasting P-C-peptide concentrations, are, however, unusual in MODY.
Permanent insulin treatment started within 6 months after diagnosis of diabetes [42] as well as immediate and permanent insulin treatment in patients under 30 years of age has previously been shown to be closely associated with Type 1 diabetes [43] . Here we show that early insulin treatment is strongly associated with but not specific for Type 1 diabetes. In fact, in this study, 12 out of 40 (30%) ab− patients with high fasting C-peptide concentrations (>0.75 nmol/l) were treated with insulin both at and after diagnosis. Accordingly, insulin treatment has to be combined with low C-peptide concentrations to be used as a criterion for Type 1 diabetes.
Compared with DISS during the years 1992 to 1993 [44] , in the DISS study of 1998, ab− patients were only half as often clinically classified as having Type 1 diabetes. Since the total frequency of ab− patients among incident cases remained unchanged, it seems that the clinical classification apparently has improved. Most likely, the clinicians' awareness of Type 2 diabetes in young adults has increased in Sweden from 1992 to 1993 until 1998. According to the new ADA and WHO criteria, most patients with Type 2 diabetes should be obese. In agreement, amongst our patients, almost half of the ab− patients were obese (BMI ≥30) compared with only 7% of the ab+ patients. Nevertheless, we confirm that obesity does not exclude Type 1 diabetes [45, 46] . In our study, as many as 23% of obese patients were ab+, therefore obesity is not a specific sign of Type 2 diabetes.
In contrast to DISS from 1992 to 1993 [44] , in this study there were no associations between the clinical classifications and the number or concentrations of antibodies. The reason for the discrepancy is unclear, but it could be due to that the antibodies were detected by microsepharose conjugated with monoclonal antibodies specific for human immunoglobulin light chains whereas we used Protein A Sepharose, an Fc receptor [47] . Amongst GADA positive patients with clinical Type 2 or Unclassifiable diabetes, those with IA-2A+ and/or ICA+ had lower fasting P-C-peptide concentrations at follow-up than those without. We confirm that C-peptide concentrations during the first years after diagnosis are lower in patients with multiple antibodies compared with in those with only GADA+, as observed in adult diabetic patients [27] . A follow-up of the DISS 1992 to 1993 cohort after 4 years showed that, among patients with only ICA+, or IA-2A+, or both, the P-C-peptide concentrations decreased later compared with GADA+ [48] , indicating that GADA− patients with ICA+, IA-2A+ or both had a less aggressive form of Type 1 diabetes (GADA−) [49] . We can not confirm this difference among patients ab+ at diagnosis. As most of our ab+ patients (93%) were GADA+, our study suggests that this slow and less aggressive form of Type 1 diabetes was not common during the year when the current study was conducted. Indeed, our study infers that this form of diabetes has a secular and temporal variation. Future studies in DISS will show whether this hypothesis is true. In this context it could be mentioned that the frequency of GADA was higher (p=0.03) in female patients (69%) than in male patients (58%). The frequency in our female patients corresponded well to that (69%) in Finnish women aged 20 to 39 years with recently diagnosed diabetes [50] .
HbA 1c values among patients with unclassifiable diabetes were lower than in patients classified as having Type 1 or Type 2 diabetes. This suggests that, despite half of them being ab+, patients with unclassifiable diabetes had a mild form of diabetes. As Unclassifiable patients had as high antibody concentrations and number of different antibodies as other ab+ patients, our observation indicates that there might be other forms of slowly progressive Type 1 diabetes than that previously described [49] .
In some ab+ patients, beta-cell function is preserved for many years after diagnosis [51] . Such slow progressive Type 1 diabetes generally occurs in adult patients and is sometimes referred to as latent autoimmune diabetes in adults (LADA) [52] as mentioned in the WHO report [13] . The LADA definition is often restricted to ab+ adult patients with clinical Type 2 diabetes at diagnosis and without insulin treatment for at least 3 to 6 months after diagnosis [53] . In our opinion, the LADA criteria are difficult to define and ambiguous to use in clinical practice. For instance, LADA does not include insulin treated clinical Type 1 diabetic patients with slow-onset (preserved beta-cell function at diagnosis) who, according to this study, could constitute as much as one third of young adult diabetic patients (104 of 313, 33%) . We suggest that patients should be primarily defined as ab+ or ab−, and to that beta-cell function based on C-peptide measurements should be added. The importance of detecting ab+ patients with preserved beta-cell function could be paramount in the future. Observations that heat-shock protein peptide (DiaPep277) [54] and a nonactivating humanized monoclonal antibody against CD3 [55] might halt or arrest progressive beta-cell dysfunction indicate that it will be of major importance to identify patients with slow progressive Type 1 diabetes. We suggest ab+ patients with normal C-peptide concentrations as a target group for intervention trials.
In conclusion, among 15 to 34 year old newly diagnosed patients, the classification of diabetes is improved if islet antibody measurements are carried out. In addition, a few ab− patients convert after diagnosis to being ab+. Whereas most ab− patients have Type 2 diabetes, those with low fasting P-C-peptide concentrations might have idiopathic Type 1 diabetes of nonautoimmune or autoimmune origin. Most patients with clinical Type 1 diabetes (91%) had objective Type 1 diabetes, i.e. they were ab+ at diagnosis or follow-up and/or low fasting P-C-peptide concentrations at follow-up. In contrast, almost one third with clinical Type 2 diabetes, and more than half with unclassifiable diabetes had objective Type 1 diabetes. Our observation that half of ab+ young adult diabetic patients had preserved beta-cell function argues for the need for therapeutical interventions to preserve beta-cell function.
